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In a combustion environment, system instabilities and dynamic responses of components can have a major 
influence on performance, emissions, and product life. One of the key components in a combustion system 
are the fuel injectors which utilize instabilities to generate a well atomized fuel spray. In this work, a 
pressure-swirl atomizer was studied under steady state operation and oscillating pressure differential 
conditions to simulate a dynamic system input to the atomizer. Atomizer spray with and without the addition 
of a pre-filming surface was evaluated to determine the influence that a pre-filming surface has on the 
dynamic response of the liquid sheet near the atomizer exit. High-speed video was utilized to capture the 
response of the liquid sheet and quantify the instability. It was found that under steady state operating 
conditions, the pre-filming surface increased the atomizer flow number and discharge coefficient. When 
comparing spray edge variation, the atomizer without a pre-filming surface demonstrated an increasing 
spray edge variation with increasing pressure while the opposite trend was observed in the atomizer with a 
pre-filming surface. Under conditions with an oscillating pressure differential, additional spray edge 
variation was observed near field of the atomizer exit but was nonexistent further downstream indicating 
that the superposition of the fluid from pressure oscillation dissipated as it moved further from the atomizer 
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The process of converting a liquid into a spray of smaller droplets through the process of atomization 
has been heavily studied with applications in various industries including agriculture, meteorology, 
medicine, and combustion [1]. Atomization uses the kinetic energy of the liquid to induce the 
disintegration of a liquid sheet or jet [1]. For applications involving the combustion of liquid fuels, 
atomization is a critical consideration that affects combustor performance. Ideal conditions for 
combustion involves atomization of the liquid into small droplet sizes to maximize surface area and 
achieve sufficient mixing of fuel and air [1], [2]. Insufficient atomization can result in poor ignition 
performance, an increase in pollutant emissions, higher operating costs, and reduced component life 
[1]–[3].  
Atomization is influenced by the design of the atomizer. The atomizer is designed to inject the liquid 
at a high velocity relative to the surrounding air. Instabilities in the air-liquid interface promotes 
disintegration of the liquid into smaller ligaments and droplets. The focus of the research in this paper 
is a pressure atomizer design known as a Pressure-Swirl (Simplex) atomizer. A pressure-swirl 
atomizer imparts a swirling motion into the fluid. Upon exiting the atomizer orifice, the liquid forms 
a conical sheet. The spray distribution caused by a pressure-swirl atomizer can be described as a 
hollow-cone or solid-cone. A hollow-cone nozzle typically provides better atomization and so is 
preferred for many applications including combustion [1]. In the case of a hollow-cone spray, the 
centrifugal force on the fluid causes the liquid sheet to expand radially as it travels further from the 
atomizer exit. As the sheet expands, the sheet thins until surface tension forces and instabilities at the 
air-liquid interface cause the sheet to break up into ligaments and droplets [1], [2], [4], [5]. The typical 
spray produced by a pressure-swirl atomizer can be seen in Figure 1.  
 




A pressure-swirl atomizer is designed with internal passages to generate the swirling liquid flow. 
Common pressure-swirl atomizer designs use tangential, axial, or conical slots to feed the liquid into 
a swirl chamber as shown in Figure 2. The liquid exits the swirl chamber through an orifice and the 
high angular velocity from the swirling motion causes the liquid to expand radially. The centrifugal 
force on the liquid while passing through the swirl chamber and orifice generates an air core in the 
center of the swirl chamber as shown in Figure 3 [1], [5]–[8].  
  
Figure 2: Various Designs of Pressure-Swirl 
Atomizers from Lefebvre [1] 
Figure 3: Schematic of a Hollow-Cone Pressure Swirl 
Atomizer from Simmons and Harding [9] 
 
Due to the spray from a pressure-swirl atomizer being dependent on high angular velocity, various 
stages of spray development can be observed with increasing fluid pressure as shown in Figure 4.  
 






There are several flow parameters that can be used to characterize an atomizer. The first is known as 
the Flow Number, 𝐹𝑁𝑈𝑆. The flow number is used to relate the liquid mass flow rate of the atomizer 
to the overall pressure differential across the atomizer. The atomizer flow is measured experimentally 
and the Flow Number is calculated using Equation 1, where ?̇?𝐿 is the liquid mass flow rate and ∆𝑃𝐿 
is the atomizer pressure differential [1], [4]. It should be noted that while the typical standard in the 
aviation industry is to express atomizer flow number using Equation 1, it does not account for fluid 
type and is typically assumed to be calibration fluid. For the purposes of this paper, all flow numbers 
reported are for water as a working fluid. Flow number using calibration fluid will be represented by 
the symbol 𝐹𝑁𝑈𝑆
∗ . The flow number can be modified to consider fluid effects by using Equation 2 
where 𝜌𝐿 is the liquid density [1].  
 𝐹𝑁𝑈𝑆 =  
𝑚𝐿̇
√∆𝑃𝐿
 Equation 1 
  
 
 𝐹𝑁 =  
𝑚𝐿̇
√𝜌𝐿 ∙ ∆𝑃𝐿
 Equation 2 
  
 
 𝐹𝑁𝑈𝑆 = 0.66 ∗ 10
6 ∗ 𝜌𝐿
0.5 ∗ 𝐹𝑁 
Equation 3 
 
In Equation 2, the flow number is presented in 𝑚2. Equation 3 can be used to calculate the flow 
number in (𝑙𝑏𝑚/ℎ𝑟) √𝑙𝑏𝑓/𝑖𝑛2⁄  as presented in Equation 1 [1][10]. The flow number is an 
important consideration when evaluating the required liquid mass flow rate and the pressure 
capacity of the fuel injection system. In the absence of experimental data, the flow number can be 
predicted based on atomizer dimensions. The equation derived by Rizk and Lefebvre is shown in 
Equation 4, where 𝐴𝑝 is tangential entry passage cross-sectional area, 𝐷𝑠 is the swirl chamber 
diameter, and 𝑑𝑜 is the nozzle discharge diameter [1]. This relationship between flow number and 
the dimensions of the atomizer demonstrates that the flow number of the atomizer is expected to be 
constant for different operating conditions.  





0.25 ) Equation 4 
 
If the flow number is known, a discharge coefficient of the atomizer can be calculated. By expressing 
the mass flow rate in Equation 1 in terms of fluid velocity and utilizing Bernoulli’s equation to solve 
for fluid velocity, the flow number can be re-written as shown in Equation 5 where 𝐴𝑜 is the exit 
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orifice area, 𝐶𝑑 is the atomizer discharge coefficient, 𝑠 is the specific gravity of the working fluid, 
and 𝐹𝑁𝑈𝑆 is presented in units of (𝑙𝑏𝑚/ℎ𝑟) √𝑙𝑏𝑓/𝑖𝑛
2⁄ . The derivation of Equation 5 is documented 
in the appendix. Due to the air core limiting the flow area at the atomizer exit, the discharge 
coefficient for a pressure-swirl atomizer is typically low. Equation 5 demonstrates that for a given 
nozzle with a constant flow number, the discharge coefficient can also be expected to remain constant 
for various operating conditions.  
 𝐹𝑁𝑈𝑆 =  19000 ∗  𝐴𝑜 ∗ 𝐶𝑑 ∗ √𝑠 
Equation 5 
 
To predict spray cone angle, Giffen & Muraszew analyzed the flow in atomizers and generated an 
equation to predict the spray cone half angle in terms of the atomizer dimensions [1]. The equation 
to calculate the initial spray cone angle is shown in Equation 6 where 𝜃 is spray cone half-angle and 
𝐾 is the atomizer constant defined by Equation 7. The parameter 𝑋 is defined by the ratio of the area 
of the air core to the orifice area and is shown in Equation 8 expressed in terms of the exit orifice 
diameter 𝑑𝑜 and the liquid film thickness 𝑡.  




 Equation 6 
   
 
𝐾 =  
𝐴𝑝
𝑑𝑜𝐷𝑠
 Equation 7 





2  Equation 8 
 
The film thickness at the exit of the atomizer can be estimated using the equation derived by Simmons 
and Harding [9]. The equation to calculate the film thickness is shown in Equation 9, where 𝐹𝑁𝑈𝑆
∗  is 
the atomizer flow number for calibration fluid and the film thickness is presented in microns. When 
used to calculate the film thickness of the liquid sheet at the exit of the orifice, the tangential 
component of the velocity can be neglected and so 𝜃 can be assumed to be zero. Simmons and 
Harding’s derivation determined that the film thickness was independent of the differences between 
calibration fluid and water, therefore this equation can be reconfigured to solve for the film thickness 
of an atomizer by substituting the flow number for water and modifying the constant. Film thickness 
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calculated using the Equation 10 yields the same result for film thickness as Equation 9 except for 
rounding errors.  
 
 𝑡𝑓




 Equation 9 
   
 𝑡𝑓 =  
0.42 𝐹𝑁𝑈𝑆
𝑑𝑜 cos 𝜃
 Equation 10 
 
By using conservation of momentum, the axial component of the fluid velocity can be solved for. 
An expression for the axial velocity as a function of mass flow rate is shown in Equation 11 [1] 
where 𝐴𝑎 is the area of the air core. By using Equation 1 and the assumption made by Simmons and 
Harding that 𝑡𝑓 ≪ 𝑑𝑜 [9], the axial component of the fluid velocity can be expressed in terms of the 
pressure differential as shown in Equation 12. Finally, knowing the axial component of the fluid 
velocity and the spray cone angle, the fluid velocity and Reynolds number at the exit orifice can be 
calculated using equations Equation 13 and Equation 14.  
 𝑢 =  
?̇?𝐿
𝜌𝐿(𝐴𝑜 − 𝐴𝑎)
 Equation 11 
   





   
 𝑈 =  
𝑢
cos 𝜃
 Equation 13 








By demonstrating that the nozzle spray cone angle and flow number are dependent on atomizer 
geometry and constant for an atomizer, it can be inferred that for varying flow conditions, the nominal 
liquid film thickness exiting the atomizer will be constant. This is supported by the computational 
studies performed by Fu which concluded that the liquid film thickness at the nozzle exit was 
insensitive to changing ambient pressure [8]. For an atomizer with a constant 𝐹𝑁 under an operating 
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condition with an oscillating pressure differential, the mass flow rate and thereby fluid velocity must 
also vary to compensate. This periodic velocity change would result in fluid particles superimposing 
in a phenomenon referred to as the klystron effect [10]. The superposition of fluid creates thickening 
and thinning of the liquid sheet known as a varicose (symmetric) wave mode [11].  
2.0 Research Question 
How does the addition of a pre-filming surface impact the liquid film instability and spray of a 
pressure-swirl atomizer when exposed to oscillations in pressure differential across the atomizer?  
3.0 Societal Context 
Often, studies on atomizer sprays are done under ideal conditions. In a combustion application, there 
are numerous influencers that make the operation of an atomizer less than ideal.  A product of the 
combustion process is the release of energy in the form of heat that can drive pressure fluctuations 
into the combustor environment [10]. These pressure dynamics can have negative impact on 
combustor components and drive fluctuations in the pressure drop across the atomizer. Changes in 
pressure drop across the atomizer can affect the performance of the atomizer by creating fluctuations 
in the mass flow rate. Changes in atomizer performance can impact the mass distribution, droplet 
sizes, fuel-air mixing, and combustion reaction thereby contributing to combustion instabilities in a 
feedback loop [10], [12]. In addition to combustion instabilities, sources of turbulence in fuel lines, 
pump fluttering, vibrations, and other influencers drive pressure perturbations into the atomizer from 
the upstream end [12]. To understand the coupling of a system of instabilities, the effect of 
instabilities on each component must be understood. Studies demonstrating the coupling of pressure 
differential oscillations and film instabilities of a pressure-swirl atomizer have been performed [6], 
[10].  
In some applications, the maximum natural spray cone angle is not required or desired. In such 
applications, a pre-filming surface, or trumpet, can be added to achieve a desired spray cone angle 
[5]. In addition to controlling the spray cone angle, the addition of a pre-filming surface can assist in 
injecting the fuel in the right location for proper mixing [5] as well as creating a larger axial velocity 
component resulting in a greater jet penetration into the combustion environment. While the effect of 
a trumpet angle on atomizer characteristics has been studied by Xue et al. [5], the impact on spray 




4.0 Literature Review 
4.1 Atomization and Sprays 
The text book written by Lefebvre and McDonell serves as an introduction to atomization and 
sprays [1]. Topics covered include atomization theories, atomizer designs, spray characteristics, 
and measurement techniques. The text provides a collection of equations from various sources to 
characterize both internal and external flow characteristics of pressure-swirl atomizers.    
4.2 Experimental Evaluation of Low Pressure-Swirl Atomizer Applied 
Engineering Design Procedure 
In the article submitted by Silvia Couto et al. to the Journal of Propulsion and Power [4], the spray 
from a Low Pressure-Swirl Atomizer was characterized using video and laser diffraction 
techniques. Spray characteristics evaluated include discharge coefficient, SMD, and spray angle. 
Characteristics were evaluated under various flow conditions created by a pressure differential 
across the atomizer. It was found that pressure conditions under 2 atm did not produce a practical 
spray to be used for evaluation. The spray produced under 2 atm produced a collapsed spray similar 
to that shown to be part of the collapsed regime or onion stage observed in other works including 
Reddy et al. [3]. For the full pressure range, experimental results were compared to predicted values 
calculated by the equations presented by Carlisle, Rizk and Lefebvre, and Jones. It can be observed 
from the results that lower pressure differential (1 to 3 atm) provides a closer match to Carlisle, 
while high pressure conditions (4 to 6 atm) matches better with the equations presented by Rizk 
and Lefebvre, and Jones.   
To evaluate the SMD of the spray, a Malvern Mastersizer X laser scattering system was used. SMD 
measurements were taken for pressure conditions from 2 to 6 atm with good repeatability. When 
compared to the theoretical predictions presented in the paper, SMD predictions were within 10% 
of experimental data. This result was considered positive due to the simplicity of the model. It was 
noted that the SMD prediction for the 2 atm pressure condition represented an inverse (measured 
less than experimental) from other data points. This is attributed to the prediction’s utilization of 
the assumption that the spray is fully developed. For pressure conditions from 3 to 6 atm, it was 
observed that experimental measurements were consistently lower than predicted. The likely origin 
of this discrepancy is the occurrence of secondary atomization (droplet breakup that occurs after 
initial ligament formation) which is not considered by the theoretical model.  
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Finally, measurements of spray angle were conducted using a Mavica-Sony MVC-FD97 camera. 
Experimental spray angle measurement results demonstrated a large difference from theoretical 
predictions at low pressure conditions, but converged with theoretical predictions at 6 atm. This 
discrepancy was attributed to the lack of a fully developed spray where the theoretical model 
assumed that the spray was fully developed. The paper references experimental results observed by 
Reddy and Mishra et. al [3] in which it was observed that spray angle in a non-fully developed 
spray increases with increasing pressure.  
The results of this paper show that the equations established for discharge coefficient and SMD 
predictions can be used as a rough prediction for the behavior of an atomizer used for further 
research, but also demonstrated the challenges of using a simplified theoretical model to predict 
the spray angle in a developing spray. This is an important consideration when studying the 
instabilities of liquid film exiting a pressure-swirl atomizer as film instabilities are most dominant 
in an underdeveloped spray. This paper also considered the spray droplet size through SMD and a 
droplet volume distribution as resultant of the entire spray. However, the paper neglected to 
consider the effect of pressure differential on the spray patternation.   
4.3 Experimental Investigation of a Pressure Swirl Atomizer Spray 
In the article submitted by Marchione et al. to the Journal of Propulsion and Power [2], the 
behavior of the spray produced by a commercial pressure swirl atomizer was studied. Spray 
characteristics studied include droplet size, velocity component profiles, and cone angle variation. 
The experimental measurements were collected using a Phase-Doppler Anemometer (PDA) and a 
high-speed video camera.  
The initial discussion of the experimental data addresses the measurements of droplet size and 
velocity measured by the PDA system. Plots of mean diameter and SMD, are shown. Both plots 
demonstrate an axially symmetric spray profile across the centerline of the spray which is expected 
of a hollow cone spray. Measurements were made at various distances from the exit of the atomizer.  
Both plots demonstrated similar trends with respect to the spatial distribution of droplets. The first 
trend observed was that the concentration of the largest droplet sizes increased radially with 
increasing axial distance from the atomizer exit. This is consistent with expectations of a cone 
shaped spray where droplets have a radial component of velocity when exiting the atomizer and, 
therefore, will move away from the centerline of the spray as axial distance increases. The second 
observation noted was that, with increasing axial distance, the mean diameter and SMD increased. 
This can be attributed to smaller droplets being pulled towards the center of the spray due to 
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aerodynamic effects generated by the spray resulting in a larger average droplet size towards the 
outer edge of the spray. Another possible contributor is evaporation of smaller droplets as the spray 
travels farther axially, thereby increasing the average droplet size.  
The second part of the results discussion deals with the measurement of the spray cone angle. Spray 
cone measurements taken using the PDA measurement technique failed to indicate the fluctuating 
spray behavior of the atomizer due to measurements being taken over a time period of 
approximately 30 seconds. To study the fluctuating behavior of the liquid sheet, a high-speed 
camera was used. To evaluate the sampling frequency, results from spray measured using 3,000 
frames per second and 10,000 frames per second were compared. While both plots showed the 
same average spray angle, it is notable that the higher frequency data plot showed a wider range 
for the maximum and minimum spray angle. By analyzing the power spectrum, it was determined 
that the principle component of the spray fluctuation was around 1790 Hz. Knowing the frequency 
of the spray fluctuations, it can be determined that 3,000 frames per second is below the Nyquist 
Frequency which results in aliasing of the data.  
The key results of this paper demonstrate how to characterize the fluctuations of the liquid sheet 
exiting the atomizer and how to establish the required data recording frequency to sufficiently 
characterize the cone angle of the spray. The shortcomings of this paper are that it only evaluates 
the natural instability of the liquid sheet at a single pressure condition. This paper does not examine 
the source of the sheet instability or the instability of the liquid sheet at different stages in the spray 
development.  
4.4 Studies on Spray Behavior of a Pressure Swirl Atomizer in Transition 
Regime 
In the article submitted by Reddy et al. to the Journal of Propulsion and Power [3], the spray 
characteristics of a pressure-swirl atomizer are studied at multiple points during the transition 
regime of the developing spray. Measurements of discharge coefficient, cone angle, spray 
patternation, drop-size distribution, and SMD were taken. For the Reynolds number range 
measured, it was observed that there was no major change in discharge coefficient. To measure the 
spray cone angle, a laser sheet and charge-coupled camera were used. Time averaged images were 
analyzed using MATLAB’s image processing toolbox. This method for measuring the spray cone 
angle does not capture instabilities in the spray angle. Results of the spray cone measurements are 
shown in Figure 5. By measuring the spray cone angle, the start of the developing spray region was 
identified. The developing regime of the spray was determined to begin when the applied pressure 
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(centrifugal force) was enough to overcome the surface tension forces that cause the spray angle to 
collapse. This is identified as the point when the cone angle begins to increase with increasing 
pressure. The collapse of the spray angle was further shown via the spray patternation results 
obtained using a mechanical patternator. Spray pattern results at 207 kPa showed the collapsed 
spray resulted in a concentrated mass distribution at the center of the spray, while results at 415 
kPa demonstrated a hollow cone distribution. In addition to spray angle, the effect of increasing 
pressure on SMD was also measured and is shown in Figure 6. It can be observed that, in contrast 
to the spray cone angle, the SMD of the spray decreases with increasing pressure.  
 
  
Figure 5: Effect of Injection Pressure on Spray 
Cone Angle [3] 
Figure 6: Effect of Injection Pressure on SMD [3] 
 
The experimental results from this paper demonstrate the spray characteristics of a developing 
spray. The trends observed in cone angle and SMD measurements set an example for spray behavior 
of the atomizer in future work when operating in the collapsed and developing cone regime. The 
effects of this operation zone should be considered when evaluating spray characteristics near this 
regime.   
4.5 Investigation of the Instability of a Moving Liquid Film 
In the article submitted by Squire to the British Journal of Applied Physics [13], the instability of 
a 2-dimensional liquid film of constant thickness is analytically investigated and compared to the 
experimental observations of a pressure-swirl atomizer. For the purpose of this study, only the 
antisymmetric film oscillation mode was considered. The results of the investigation found that 
liquid film instability occurs for conditions with a Webber number, 𝑊𝑒, is less than 1. For the 
purposes of this work, the Weber number defined as shown in Equation 15 where 𝑇 is the liquid 
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surface tension, 𝜌𝐿 is the density of the liquid, 𝑈 is the liquid velocity, and ℎ is one half of the 
liquid film thickness. 




 Equation 15 
 
This relationship indicates that as the fluid velocity or film thickness increases, the instabilities in 
the liquid sheet are driven by the antisymmetric mode, also described as wave motion. With respect 
to the proposed work, this is important to consider in that at low power or transition regime 
operation, the instability of the liquid sheet will likely be driven by the symmetric mode, or the 
thinning of the liquid sheet.  
4.6 Dynamics of Radially Expanding Liquid Sheets 
In the article submitted by Majumdar et al. to the American Physical Society [11], a liquid sheet 
was studied to demonstrate that the flapping of the liquid sheet is influenced by the thinning of the 
liquid sheet as it spreads from the nozzle exit. This statement contrasts previous work stating that 
the flapping was attributed to the interaction with the surrounding air and so neglected the effect of 
sheet thinning. To test, a laminar jet was impinged upon a vibrating impactor to generate a radially 
expanding liquid sheet. The frequency of the vibrating impactor was varied to generate multiple 
test conditions at 1 atm and 0.6 atm. As the liquid sheet expands radially from the impactor, the 
liquid sheet thickness decreases. If the claim that sinuous wave growth is dominated by the 
surrounding air, the wave growth would be expected to decrease with decreasing air pressure. 
Experimental results of the study, as shown in Figure 7, demonstrated that the decrease in air 
pressure had a negligible impact on the wave growth.  
  
Figure 7: Measured Amplitude of Surface Inclination Angle at (a) Weber Number = 550 and (b) 




These findings indicate that the sinuous wave growth is influenced by the thinning of the liquid 
sheet. An implication of this result is that the instability of the liquid sheet can be a function of the 
disturbances in the upstream system.  
Although the work presented was performed on a flat liquid sheet, the findings could potentially 
be applied to the liquid sheet emanating from a pressure-swirl atomizer. The assertion that sinuous 
wave growth is a product of sheet thinning indicates that upstream pressure oscillations could 
promote sheet breakup of a pressure-swirl atomizer. In the context of combustion application, the 
work presented considers atmospheric and sub atmospheric pressures. In a combustion 
environment, air pressure and by association air density, would be higher than atmospheric and 
could increase the effect of the air on sinuous wave growth.  
4.7 Periodic Atomization Characteristics of Simplex Swirl Injector Induced 
by Klystron Effect 
In the article submitted by Yang et al. to the Chinese Journal of Aeronautics [10], the periodic 
response of a liquid film and atomization of a pressure-swirl atomizer was investigated 
experimentally. A hydrodynamic mechanical pulsator was utilized to apply pressure fluctuations 
upstream of the atomizer. For experimental measurements, a single operating condition was used 
with pressure fluctuations at 1±0.2 MPa. Fluctuation frequency was varied from 6.6 to 848.8 Hz. 
Experimental results demonstrated a response by the atomizer liquid film and spray between 0 to 
300 Hz. It was also demonstrated that the pressure fluctuation correlated with the breakup length 
of the liquid sheet. This validates that atomizer pressure differences can impact the spray of the 
atomizer. However, the article does not investigate the effect on droplet size.  
4.8 New Insights in the Primary Breakup Process of Prefilming Airblast 
Atomizers by SPH Predictions 
In the article submitted by Holz et al. to the International Conference on Liquid Atomization and 
Spray Systems [14], the primary breakup of a prefilming airblast atomizer is investigated through 
simulation. The geometry considered consists of a prefilming surface with a liquid film on one side. 
Airflow above and below the prefilming surface travels in the same direction as the liquid film. 
Momentum from the faster flowing air drives the formation of waves in the film. At the trailing 
edge of the prefilming surface, the liquid film separates from the surface and forms ligaments that 
becomes atomized. The results of the simulations revealed three potential wetting modes at the 
trailing edge of the prefilming surface. The three wetting modes, shown in Figure 8, are described 
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as non-wetting, unstable accumulation, and stable accumulation. In the condition of non-wetting, 
the bulk of the fluid wave separates from the trailing edge with a small amount of fluid remaining 
on the trailing edge. In the unstable condition, the first wave is elongated while still attached to the 
trailing edge until the momentum from a second wave forces the breakup from the trailing edge. In 
the stable accumulation condition, the first wave fully wets on the trailing edge until a second wave 
reaches the trailing edge and induces breakup.  
 
 
Figure 8: Wetting Modes of Trailing Edge from Holz et al. [14] 
 
The work presented considers film waves initiated by co-flowing airflow in an airblast atomizer 
application. In the test conditions put forth in this proposal, waves in the liquid film would likely 
be initiated by upstream pressure instabilities. While not directly described by this work, a non-
wetting condition would likely result in the smallest droplet sizes. It was also noted by this work 
that a non-wetting condition represents the strongest relationship between waves and the initial 
breakup, whereas the unstable accumulation and stable accumulation results in decoupling of the 
relationship between film waves and the initial breakup. For potential test hardware a sharp trailing 
edge would promote liquid separation and a non-wetting condition. This condition would likely 
yield the best experimental results.    
4.9 Some Effects of Using Water as a Test Fluid in Fuel Nozzle Spray 
Analysis 
In the article submitted by Simmons and Harding to the Journal of Engineering and Power [9], the 
effect of working fluid on atomizer performance was studied. The experimental results of the paper 
demonstrated that at comparable atomizer pressure differentials, the SMD of water is consistently 
higher than that of a kerosene type calibration fluid (MIL-PRF 7024). However, by normalizing 
the SMD and Weber number to the critical Weber number, it was possible to predict the 
performance of an atomizer with Kerosene type fuel using results obtained using water as the 




The paper also demonstrates a derivation of the predicted liquid film thickness in the atomizer exit 
orifice. It was shown analytically that the liquid film thickness is independent of the fluid property 
differences between water and kerosene. The film thickness is shown in Equation 9. This equation 
can be modified to apply for applications using water as the working fluid.  
4.10 Effect of Geometric Parameters on Simplex Atomizer Performance 
In the article submitted by Xue et al. to the American Institute of Aeronautics and Astronautics 
Journal [5], the effect of atomizer geometry on atomizer performance is computationally studied. 
Among the geometries considered, atomizer trumpet angle and length are studied. While studying 
the effect of trumpet angle, the trumpet length was kept constant. As trumpet angle was increased, 
it was noted that the film thickness at the atomizer exit decreased as expected. At the largest trumpet 
angle tested (𝜃𝑡 = 40°) the spray cone angle matched the trumpet angle. However, as the trumpet 
angle was decreased, the spray cone angle no longer matched the trumpet angle. While testing the 
effect of trumpet length, trumpet angle was held constant. As expected, with increasing trumpet 
length the film thickness decreases. It was also noted that as the trumpet length increased, the spray 
cone angle decreased. This is a result of a loss of angular momentum as the trumpet diameter 
increases with trumpet length. It was observed that the atomizer discharge coefficient was constant 
for all trumpet angles and lengths, indicating that the addition of a trumpet does not have any impact 
on the atomizer flow number.  
The results demonstrated by this paper serves to establish expectations for the effect that the 
addition of a trumpet will have on the steady state atomizer performance. However, the scope of 
this investigation does not consider the effect of pressure instabilities on the atomizer performance.  
4.11 Effects of Injection Pressure on Spray Atomization Characteristics with 
Measurement Technique Cross-Validation 
In the article submitted by Lee et al. to the International Conference on Liquid Atomization and 
Spray Systems [15], the breakup characteristics of a pressure-swirl atomizer was studied 
experimentally. Two atomizers with different flow numbers were studied using shadowgraph, PIV, 
and PDPA methods. Spray characteristics matched trends observed in other papers discussed. The 
three measurement methods were compared using droplet diameter and velocity measurements at 
a common operating condition. Measurements were taken along the vertical axis of the spray and 
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were evaluated for the three zones of the spray: primary breakup, secondary breakup, and droplet 
coalescence.  
For PIV measurements, a large spray density in the primary and early secondary breakup zones 
prevented measurements from being taken. Close to the end of the secondary breakup and the 
droplet coalescence zone, PIV velocity measurements are more consistent with other measurement 
methods. PDPA measurements were possible in the early stages of the spray, however due to 
ligament formation and irregular droplet sizes, measurement confidence was not high. PDPA 
measurements yielded a larger droplet size compared to shadowgraph techniques in early stages of 
the spray. PDPA measurement confidence was highest in the secondary spray zone before droplet 
coalescence occurred. Shadowgraph droplet size measurements were only limited by image 
resolution and so a high zoom lens was used limiting the field of measurement. It was found in the 
early stage of the spray, shadowgraph under predicted the droplet size compared to PDPA, but over 
predicted the droplet size in the droplet coalescence zone. In the droplet coalescences zone, over 
prediction of the droplet size was attributed to a lack of samples compared to PDPA measurements.  
Overall, this paper demonstrated that droplet size measurements can be accomplished with different 
measurement techniques, however it is important to note the spray behavior at the point of 
measurement to determine the accuracy of the measurement. For the proposed research, droplet 
size measurement will likely be taken in the secondary atomization zone, indicating that based on 
the results of this paper PDPA is the measurement technique that will yield the most accurate 
results.  
4.12 Experimental Study Swirl Injector Dynamic Response Using a 
Hydromechanical Pulsator 
In the article submitted by Ahn et al. to the Journal of Propulsion and Power [6], dynamic response 
of a supersized swirl injector was designed. The injector geometry was designed to create a 
lengthened swirl chamber and air core length. To achieve a pulsating flow, an inlet cap with 16 
tangential inlet holes was rotated by an electric motor. As the cap rotates, the inlet holes are aligned 
with the chamber holes periodically allowing flow into the swirl chamber. Measurements of spray 
angle response demonstrated peak responses at two resonant frequencies but did not change the 
average cone angle. Observations were also made to demonstrate a dynamic response to the air 
core diameter and the presence of a traveling wave. It should be noted that the method used to 
generate a dynamic response effectively created a variable flow number nozzle. According to the 
film thickness derived by Simmons and Harding [9], this would drive a changing film thickness. 
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The paper states that the air core diameter changed up to 4.5%. In addition, it is noteworthy that 
the researchers chose to orient their test setup to spray in a horizontal direction and ignore the 
effects of gravity. This is contrary to other spray measurements in which the atomizer is oriented 
to spray vertically downwards.  
4.13 Measuring Air Core Characteristics of a Pressure-Swirl Atomizer via a 
Transparent Acrylic Nozzle at Various Reynolds Numbers.  
In the article submitted by Lee et al. to the Experimental Thermal and Fluid Science Journal [7], 
the air core characteristics of an atomizer was studied as a function of Reynolds number. It is noted 
by the author that the atomizer studied utilized a single tangential inlet port resulting in a weaker 
swirling strength. The experimental results indicated an unstable regime at low Reynolds numbers 
where the air core had not developed and a transition regime in which the air core begins to develop 
but does not extend the full length of the swirl chamber. The underdeveloped air core resulted in a 
change in spray cone angle between unstable and stable air core regimes. This can be correlated 
with a decrease in atomizer discharge coefficient as the air core begins to develop.  
The results of this paper indicated that it will be important to avoid operating conditions with low 
flow rates prior to the development of the air core. Measurements of spray angle in this regime will 
be inconsistent with higher flow conditions.  
4.14 Numerical Simulation of the Internal Flow of Swirl Atomizer under 
Ambient Pressure 
In the article submitted by Fu to the Journal of Mechanical Engineering Science, the internal flow 
of an open-ended swirl injector was studied using CFD. Simulation results revealed that the liquid 
axial and swirl velocity components were at a maximum at the interface with the air core. It was 
also observed that both velocity components decreased with axial distance due to the loss of 
momentum due to friction with the injector wall. When exposed to increasing ambient pressure the 
air core diameter increased. However, it was noted that the increase in air core diameter was too 
small to impact experimental measurements and therefore film thickness would be insensitive to 
air pressure. The change in air core diameter can likely be attributed to a changing nozzle flow 
number similar to the research conducted by Ahn et al. [6]. The inlet boundary condition for 
simulations was set at a constant flow rate. This creates a reducing flow number as ambient pressure 
increases and results in a reduction in film thickness. Predictions of spray cone angle were 
generated based on axial and swirling velocity components with respect to radius. Due to minor 
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changes in velocity components, it was determined that with increasing ambient pressure the spray 
cone angle would effectively remain constant.  
When exposed to an oscillating ambient pressure, the author proposes that the pressure changes 
would drive surface waves in the liquid-air interface. However, these would present difficulties to 
monitor through simulation and so the effect on mass flow rate was observed instead. It can be 
observed from the data plots that the mass flow rate oscillations are phase delayed from the ambient 
pressure oscillations.  
The results presented in this article demonstrates the expected velocity profile of the liquid film 
and air core inside a swirling flow injector and can be applied to a pressure-swirl atomizer. Changes 
to the air core diameter are likely to be negligible experimentally, however they could have a minor 
impact on the sheet stability. The scope of the article did not cover the impact of an oscillating 
ambient pressure on the axial and swirl velocity components.   
4.15 Waves in Thin Liquid Films 
In the paper by Santner [16], the decay of a capillary wave in a thin film is derived based on the 
Navier-Stokes equations. The resulting equation demonstrates that surface tension forces cause the 
wave amplitude to decay over time. It is also noted that waves with a lower wave length (or higher 
frequency) decay at a faster rate.  
With application to the spray of a pressure-swirl atomizer, the decay of film waves can be applied 
to the film thickness on the prefilming surface. It can be expected that as the film thickness waves 
travel along the prefilming surface, the waves will decay resulting in a less severe thickness 
modulation at the atomizer exit. The expected implication is that this will result in a more stable 




5.0 Experimental Setup & Procedures 
5.1 Experimental Setup  
The experimental setup for this investigation was designed to spray vertically downward into a 
collection bin. A pressure vessel was used as a fluid reservoir in an air over water configuration 
and pressurized to approximately 90 psi using shop air. Due to safety concerns and ease of access, 
water was used for the working fluid instead of calibration fluid which is typically used for 
aerospace applications. The fluid was routed through ball and needle valves for flow control and 
were manufactured by Parker Hannifin. The fuel line was then routed through a vibration apparatus 
which was used to apply pressure oscillations by compressing the fuel line at a desired frequency. 
The vibration was controlled by a Type 4809 Vibration Exciter manufactured by Brüel & Kjær. 
The vibration exciter was powered by a power amplifier and controlled via a function generator. A 
v-block fixture was designed and attached to the top of the vibration cylinder to hold the fuel line 
in place as the fuel line was compressed against a cross-over bar. Due to challenges applying the 
required pressure oscillation, a section of larger diameter soft tubing was added to the fuel line that 
was easier for the vibration apparatus to compress. Finally, the fuel line was routed to the atomizer 
fixture where the pressure was measured by a pressure transducer.  
 


































Figure 10: Vibration Apparatus 
 
Figure 11: Photo of Test Setup (Fluid Reservoir and Flow Control Not Pictured) 
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Fluid pressure was measured just upstream of the atomizer using a pressure transducer Model 
Number XTL-190S-500SG manufactured by Kulite Semiconductor Products Inc. To calibrate the 
pressure transducer response, an analog dial pressure gauge was used to set a known pressure. 
Pressure transducer response measured in mV was recorded. During the calibration, it was found 
that the analog dial pressure gauge contained an offset from the true pressure, however the offset 
was determined to be consistent throughout the working range of the gauge. Therefore, a known 
pressure condition of 0 psi (1.23 mV transducer response) was used to anchor the pressure curve.  
 
Figure 12: Pressure Transducer Measurement Calibration 
Pressure data was recorded using a LabVIEW NI DAQ device and sampled at a rate of 10kHz. 
Pressure signal was filtered using a LabVIEW filter express VI. The filtering type chosen was 
smoothing with an exponential average time constant of 0.001. A LabVIEW Amplitude and Level 
Measurements express VI was used to display the nominal pressure and peak-to-peak pressure 
variation as a percentage of nominal pressure that was used to set flow conditions prior to collecting 
spray images. Nominal pressure was always set to within ±1 psid of the target pressure condition.  
The high-speed camera used to capture the spray images was a Motion Pro X3 camera with a Nikon 
AF FX Micro-NIKKOR 200 mm camera lens. IDT Vision Motion Studio software was used to 
perform the image capture. Images were captured at a rate of 1000 frames per second (FPS) and a 
2 µs exposure time. The spray was backlit by a 100 W halogen light source. The camera region of 




Prior to the start of spray testing, a calibration image of a standard ruler (Figure 13) was used to 
determine the size of each image pixel. The straight-line distance between two points of a known 
distance (represented by dotted line shown in the figure) was measured using Image J software. A 
total of 20 repeat measurements were taken to establish a degree of confidence. The pixel size was 
determined to be 444.5 ± 2 µin [11.29 ± 0.051 µm].  
 
Figure 13: Calibration Image 
 
The atomizer design used for this investigation was a simplex pressure swirl atomizer with three 
conical swirl slots. Two atomizer designs were manufactured by Advanced Atomization 
Technologies (AA Tech). The first, referred to as “Atomizer A”, consisted of an orifice without 
any additional pre-filming surface that results in a natural spray angle. The second atomizer, 
referred to as “Atomizer B”, utilizes a pre-filming surface to control the spray angle. The pre-
filming surface for Atomizer B was designed to be near to the natural spray angle of Atomizer A, 
however the cone angle of the pre-filming surface was required to be slightly narrower than the 
natural spray angle to ensure that the liquid sheet adhered to the surface. Both atomizers use the 
same swirl plug to reduce potential inconsistencies between the atomizer flows. A side by side 
comparison of the two atomizers is shown in Figure 14. A close-up overlay of the atomizer exit 






















5.2 Image Processing Procedure 
All image processing was done using MATLAB. Prior to collecting images of the atomizer spray, 
a background image was taken to use as a baseline. If spray image captures extended across 
multiple days or the atomizer was removed from the test setup for any reason, a new background 
image was taken for the upcoming spray image sets. An example of a background image for each 
atomizer is shown in Figure 16.  
  
(a) (b) 
Figure 16: Example Background ("baseline") Images for Atomizer A (a) and Atomizer B (b) 
For a given image set, each image is loaded into MATLAB. An example of the raw spray image 
uploaded to MATLAB is shown in Figure 17. Next, the corresponding background image was used 
to normalize the spray image and a 2-D Gaussian filter is applied over the entire image. An example 
of the normalized and filtered image is shown in Figure 18. Finally, each pixel of the filtered image 
is evaluated against a threshold value and binarized. An example of the final binarized spray image 






Figure 17: Raw Spray Image Uploaded to MATLAB 
 
Figure 18: Filtered Spray Image 
 




The spray edge was evaluated at four axial distances set from exit of Atomizer A. For consistency, 
the same axial locations were also used to evaluate Atomizer B spray. An overlay showing the y-
origin and each spray edge measurement location is shown over the raw spray image for each 
atomizer in Figure 20 and Figure 21. It should be noted that due to the additional length of the pre-
filming surface, the axial locations for Atomizer B are closer to the point that the fluid separates 
from the atomizer features than with Atomizer A.  
 
Figure 20: Spray Edge Measurement Locations of Atomizer A 
 




Due to the nature of the turbulent air around the liquid spray, there can be a significant number of 
recirculating droplets that could potentially interfere with the edge detection algorithm. To mitigate 
the risk of a false edge detection, the MATLAB “remove outliers” function using the mean method 
(removes points outside of 3 standard deviations from mean value) was applied to identify and 
remove erroneous data points. Figure 22 shows the rejection rate for each set of images used in this 
investigation. Empty set numbers represent image sets that were not utilized. Except for two image 
sets at one spray location, rejection rate of spray edge was approximately 2% or less. Both image 
sets that contained a location with a rejection rate significantly larger than the rest of the population 
occurred at the right edge spray location closest to the atomizer exit. Both cases were investigated 
manually, and it was found that the spray edge was consistent to the point that the edge detection 
with outlier removal did not detect any change in the spray edge (standard deviation of zero). This 
indicates that in these two situations, the resolution of the field of view was not sufficient to detect 
the variation in the spray edge. After manually checking the data for these two image sets at that 
position, it was determined that all data points were within a reasonable range and so the “remove 
outliers” function was not applied to those data sets at that location.     
 




6.0 Results and Discussion  
6.1 Atomizer Characterization at Steady State Operating Conditions 
Atomizer sprays were characterized at various pressures between 10 and 70 psi. A side by side 
comparison of the raw spray images for both atomizers is shown in Figure 23. To calculate the flow 
number of each atomizer, the mass flow rate was measured using a “catch and weigh” method at 
various pressures throughout the range of testing. A series of five consecutive measurements were 
made at each pressure and averaged to determine the atomizer flow number at each point. To 
determine spray angle, each image in an image set was analyzed. The mean spray edge location at 
axial position y1 and y2 was used to calculate the spray cone half angle for each side of the spray. 
Spray angle from the left and right edge were then combined to determine the full spray cone angle. 
Key atomizer characteristics including the measured exit orifice diameter, atomizer flow number, 
and spray cone angle are shown in Table 1. Atomizer flow number and spray cone angle are plotted 
over the pressure ranges tested in Figure 24.  
























Figure 24: Atomizer Flow Number (a) and Spray Angle (b) Over Pressure Range 
 
It was found that the atomizer flow number for Atomizer B was consistently higher than Atomizer 
A. Based on Equation 4, due to inlet port area and swirl chamber diameter being identical (same 
swirl plug used in both atomizers), any changes to the flow number would be dependent on changes 
to the orifice diameter. Analytically, the flow number sensitivity due to the measured orifice sizes 
would predict a change in flow number increase of approximately 2.4%. Experimentally, the 
increase in flow number from Atomizer A to Atomizer B was observed to be 5.4% at 70 psid. It 
can be inferred that the additional increase in flow number is due to the addition of the pre-filming 
surface contributing to additional frictional losses and can be confirmed by the calculation of the 
atomizer discharge coefficient. The loss of energy as the fluid exits the orifice results in a larger 
film thickness size, thereby increasing the effective flow area of the atomizer and resulting in an 
increased atomizer flow number. This can also be substantiated by comparing the measured 
discharge coefficient and film thickness to the predicted values which represent an ideal atomizer 






Figure 25: Atomizer Discharge Coefficient (a) and Film Thickness (b) Over Pressure Range 
 
For each atomizer, a series of 5 image sets were taken under steady operating conditions. Each 
image set was analyzed individually before being averaged together to determine the nominal spray 
edge position. For Atomizer A, 10 psid condition, 4 out of 5 images sets could not be analyzed due 
to poor spray quality. For Atomizer B, 20 psid condition, 1 image set demonstrated significant 
differences from the remaining 4. This was likely due to a setup error and so the image set was 
removed leaving 4 image sets to be used. The midpoint of the left and right edge nominal positions 
at 70 psid was selected as the centerline of the spray.  
  
(a) (b) 





All spray conditions for Atomizer A were completed in series without the atomizer being removed 
from the test setup. During the collection of image sets for Atomizer B, a fixture leak was identified 
before completion of the 50 psid and 70 psid image sets. The cause of the leak was determined to 
be an o-ring. The o-ring was replaced to resolve the issue, however this resulted in the atomizer 
being removed from the test setup. Since the test setup does not include a clocking feature to prevent 
rotation of the atomizer, the orientation of the atomizer may have changed between the 10/20/30 
psid image sets and the 50/70 psid image sets. This can be seen in the right edge of the Atomizer B 
spray where the y1 & y2 edge locations are shifted in the positive x-direction for the lower pressure 
spray image sets. Due to the objectives of this research being focused on the variation in the spray 
edge and not dependent on the nominal position, it was determined that this would not have a major 
impact on the results of this study.  
The variation of the spray edge at steady state operating conditions is shown in Figure 27. Apart 
from the 10 psid operating condition, opposite trends can be observed in each atomizer. For 
Atomizer A, the standard deviation of the spray edge can be seen increasing with increasing fluid 
pressure. The opposite trend of decreasing standard deviation with an increasing fluid pressure is 
observed in Atomizer B. In the case of Atomizer A, the increasing spray edge variation with 
increasing fluid pressure matches expectations as an increased relative velocity to the surrounding 
air would drive an increase in the wave growth of the spray edge. The opposite being true for 
Atomizer B indicates that the spray edge variation was not driven by the relative velocity, but likely 
a result of the ability for the liquid sheet to separate from the trailing edge of the pre-filming surface. 
At lower fluid velocities, there would be an increased chance of fluid buildup at the trailing edge 
similar to what was demonstrated by Holz et al. [14] leading to a greater spread of the velocity 
direction of the fluid. In the case of higher fluid velocity conditions, there would be a cleaner 














The fluid velocity and Reynolds number calculated using Equation 13 and Equation 14 based on 
the measured parameters for each atomizer is shown in Figure 28.  
  
(a) (b) 
Figure 28: Atomizer Fluid Sheet Velocity (a) and Reynolds Number (b) at Atomizer Exit 
 
6.2 Atomizer Characterization Under Pressure Oscillations 
During testing requiring pressure oscillation, the vibration apparatus was used to control frequency 
and amplitude of the pressure applied to the atomizer. Figure 29 demonstrates pressure 
measurement at various nominal pressures with 5, 10, and 15% peak to peak pressure variation. 
Pressure oscillation was applied at a frequency of 50 Hz. Due to limitations of the test setup, higher 
frequency levels were not achievable while generating a sufficient peak to peak pressure variation.  
It was observed that at low pressure and high peak to peak variation there was a saddle point in the 















The first objective during the pressure oscillation portion of testing was to compare the nominal 
position of the spray edge without pressure oscillation to the position under various levels of 
pressure oscillation. Figure 30 and Figure 31 show the nominal spray edge position for Atomizer 
A and B respectively. Error bars were plotted for the baseline spray condition (no pressure 
oscillation) and represent a 6-sigma confidence level based on the standard deviation of the sprays 
reported in the previous section. It can be observed that there is no appreciable change in the 



















Next, the variation of each spray edge was examined against the various levels of pressure 
oscillation. To evaluate, pressure conditions without pressure oscillation were used to establish a 
baseline. At each pressure condition, a single data set was taken for each pressure oscillation level. 
A percent change was calculated using the baseline no pressure oscillation condition average. No 
significant trends were observed in Atomizer A (Figure 32) suggesting that the pressure oscillation 
had no impact on the edge of the spray. When examining the spray for Atomizer B (Figure 33), it 
was found that there was a significant increase in spray edge standard deviation at the axial position 
y = 0.039” (nearest to atomizer exit). This was most evident in the right edge of the spray. This 
trend was not observed in the left edge of the spray for the lower pressure (20 & 30 psi) condition 
however it was seen in the higher pressures. This could be a result of geometric factors that were 
rotated out of view when the atomizer was removed from the setup. Although this increase in spray 
edge variation was observed at the axial position nearest to the atomizer exit, it was not observed 
further downstream. It was hypothesized that the superposition of fluid imparted by the varying 
pressure was sizable enough to have an effect on the spray near field to the atomizer exit but 
dissipated in the liquid sheet prior to reaching the evaluation points further downstream. To test 
this hypothesis, Atomizer A was evaluated at an additional measurement point at y = 0.008” for the 
spray conditions of 50 and 70 psid. The additional measurement location is shown in Figure 34. 
The resulting spray variation demonstrated the same phenomenon observed in Atomizer B on both 
sides of the spray of Atomizer A confirming that the superposition of the fluid dissipates as the 
liquid sheet progressed further downstream. The spray variation of Atomizer A with the additional 




































Figure 35: Atomizer A Nominal Spray Edge Under Various Nominal Pressure and Pressure Oscillation Levels with 




The intent of this work was to study a pressure-swirl atomizer under steady state operation and 
oscillating pressure differential conditions to simulate a dynamic system input to the atomizer. 
Atomizer spray with and without the addition of a pre-filming surface was evaluated to determine the 
influence that a pre-filming surface has on the dynamic response of the liquid sheet near the atomizer 
exit. High-speed video was utilized to capture the response of the liquid sheet and quantify the 
instability. It was found that under steady state operating conditions, the pre-filming surface increased 
the atomizer flow number and discharge coefficient. When comparing spray edge variation, the 
atomizer without a pre-filming surface demonstrated an increasing spray edge variation with 
increasing pressure while the opposite trend was observed in the atomizer with a pre-filming surface. 
Under conditions with an oscillating pressure differential, additional spray edge variation was 
observed near field to the atomizer exit but was nonexistent further downstream indicating that 
superposition of the fluid from pressure oscillation dissipated as it moved further from the atomizer 
exit and did not have an impact on wave growth in the liquid sheet.   
For future studies with aerospace application, it would be beneficial to study the effect of oscillating 
pressure while using calibration fluid in place of water. Calibration fluid is typically used due to its 
similarities to the aviation fuel Jet-A. One notable difference between Jet-A and water is the surface 
tension, which for water is almost 3-times that of calibration fluid [9]. In the case of this study, the 
surface tension of water was likely a driving factor for the dissipation of the fluid particle 
superposition imparted by the pressure oscillation. In the case of calibration fluid, the pressure 
oscillation levels used in this study may be significant enough to induce sheet breakup closer to the 
nozzle exit.  
Additionally, the use of a high-speed camera with sufficient FPS to capture the wave propagation as 
it moves downstream from the atomizer exit would provide valuable insight to the growth or decay 
of the waves in the liquid sheet. This research was limited to a spatial solution by the frame rate of 
the available camera. Previous studies have indicated that a frame rate in the magnitude of 10 kHz 
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Derivation of Flow Number as defined by Equation 5  
Mass flow rate can be defined as follows 
 ?̇? = 𝑉 ∗ 𝐴 ∗ 𝜌 ∗ 𝐶𝑑  
Substituting the solution for mass flow rate into Equation 1 yields 
 𝐹𝑁𝑈𝑆 =  
𝑉 ∗ 𝐴 ∗ 𝜌 ∗ 𝐶𝑑
√∆P
  
















   
 𝑉2 = √
∆𝑃 ∗ 2𝑔
𝛾
+ 𝑉1 Where 𝑉1 = 0 
Substituting velocity into the flow number equation yields 
 








After including units and conversion terms, the flow number equation can be rewritten as follows 
 𝐹𝑁𝑈𝑆 =  2406.51 ∗ A ∗ 𝐶𝑑 ∗ √𝜌  
For convenience, the equation is rewritten to use specific gravity instead of fluid density 
 𝐹𝑁𝑈𝑆 =  19000 ∗ 𝐴𝑜 ∗ 𝐶𝑑 ∗ √𝑠  
Where: 
𝑉  Fluid Velocity [ft/sec] 
𝑃  Fluid Pressure [psi] 
𝛾  Specific Weight [lbf/𝑓𝑡3] 
𝑔  Standard Acceleration of Gravity [ft/𝑠𝑒𝑐2] 
𝜌  Fluid Density [lbm/𝑓𝑡3] 
𝐴  Geometric Area of Flow Area [𝑖𝑛2] 
𝐹𝑁𝑈𝑆   Flow number [(𝑙𝑏𝑚/ℎ𝑟)/√𝑝𝑠𝑖] 
𝐶𝑑  Coefficient of Discharge [dimensionless] 
𝑠  Specific Gravity [dimensionless] 
 
